) due to modified molecular interactions between nanoparticles and PVC chains.
Introduction
Poly(vinyl chloride) (PVC) is one of the most important thermoplastics, combining low costs, good durability, and resistance toward chemical corrosion. 1, 2 In fact, pure PVC is hard, brittle, and stiff, being unsuited for commercial products such as films, shoes, and sap bags. 3, 4 Therefore, PVC is usually blended with large amount of plasticizers to achieve the desired flexibility and durability, with common examples including dialkyl phthalates, such as dioctyl phthalate (DOP) or bis(2-ethylhexyl) phthalate (DEHP). 5 Moreover, the thermal instability of PVC in high-temperature processes such as extrusion can also be increased by using appropriate plasticizers. 6 However, a large number of studies revealed that the DOP and DEHP are potential endocrine disruptors, being particularly harmful for infants and pregnant women. 7, 8 Therefore, finding alternative plasticizers or developing plasticizer-free processes is an import goal.
9,10
Nanoparticles have been reported to improve some mechanical properties such as modulus and abrasion resistance. [11] [12] [13] For example, rubber particles make PVC films tougher but significantly reduce their tensile strength due to low hardness of organic filler. 9 In contrast, inorganic nanofillers improve the toughness of PVC without the decreasing its tensile strength,
10
as exemplified by the effect of common inorganic nanoparticles, such as calcium carbonate (CaCO 3 ) and titanium dioxide (TiO 2 ), on the mechanical properties of polymer matrix.
14,15
The above nanoparticles are widely utilized to modify the viscosity of polymer solutions and the tensile strength of PVC.
16,17
However, PVC still needs to be blended with conventional plasticizers to prevent its thermal degradation during extrusion.
18
Herein, we have tried to develop a plasticizer-free process by investigating a model system at ambient conditions and thus neglecting the thermal instability of PVC. PVC was dissolved in tetrahydrofuran (THF), a common solvent, at room temperature and casted into a thin film, not requiring a high-temperature thermomechanical process. However, solvent-cast PVC films showed extremely low strain values (~14.6%) compared to those of PVC containing conventional plasticizer, DOP (131%). Therefore, we utilized nanoparticles as an efficient filler to improve the mechanical properties of PVC films, † To whom correspondence should be addressed. E-mail: than@hanyang.ac.kr; kimsh@hanyang.ac.kr ©2017 The Polymer Society of Korea. All rights reserved.
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Experimental
Materials. Solid PVC powders were supplied by Hanwha Chemical Co. Ltd. PVC had the degree of polymerization of 1600-1700 (as defined by JIS K 6720-2), particle sizes under 150 µm and an apparent specific gravity of 0.23 g cm -1 , as defined by ASTM D 1895. TiO 2 nanoparticles of 5-, 25-, and 220-nm size were obtained from US Research Nanomaterials Inc., Evonik, and Cristal Global, respectively.
Film Casting. PVC and PVC/TiO 2 films were prepared as follows, PVC (3.4 g) was dispersed in THF (40 mL) to obtain a fully transparent solution using a roller mixer (Hwashin Instrument Co., Ltd., 205RMC), followed by addition of TiO 2 nanoparticles (0.2 wt%) and magnetic stirring for their homogeneous dispersion. Subsequently, the solution was poured in a glass dish to form a film. The solvent was slowly evaporated under low vacuum at 35 o C for 6 h to avoid bubbling, and the thus obtained film with an average thickness of 100 µm was washed several times with deionized water to remove THF residues.
Characterization. The mechanical properties of pristine PVC and PVC/TiO 2 films were tested using film stripes 100 µm thickness and 5 mm wide using a universal testing machine (5966, Instron) equipped with a 10 kN load cell operating at crosshead speed of 5.0 mm min addition. Fracture surfaces of PVC/TiO 2 films were characterized by scanning electron microscopy (SEM; NOVA Nano SEM 450) to confirm the improved elongation at break. Films were sputter-coated with platinum. Optical characterization was carried out at room temperature by ultraviolet-visible spectrophotometer (Perkin Elmer, Lambda 650S) in a wavelength range of 400~700 nm with an accuracy of 2 nm. Functional group analysis was performed by Fourier transform infrared spectroscopy (FTIR; Thermo Scientific, Nicolet 6700) in attenuated total reflectance (ATR) mode using 64 scans at a resolution of 2 cm -1
.
Results and Discussion
PVC powders were mechanically dispersed in DOP at room temperature, with the white color of the obtained mixture implying that PVC chains were not completely dissolved (Figure 1(a) ). 19 This above dispersion became transparent at 180 o C, as is often observed during PVC extrusion, 20 indicating that PVC chains were finally dissolved in DOP at high temperature. Thin transparent PVC films were casted in a glass dish (Figure 1(a) ). Similarly, PVC powders were dissolved in THF at 85 mg mL -1
. Unlike for DOP, the above PVC solution was clear even at room temperature, implying the dissolution of PVC chains without the need to supply thermal energy ( Figure  1(b) ). Transparent PVC films could easily be obtained after evaporating the solvent. Figure 1(c) summarizes the strain properties of PVC films obtained using DOP as a conventional plasticizer and those cases from THF solution, revealing that the latter showed an extremely low elongation at break (14.6%) compared to that of the former (131%).
To understand this large difference in mechanical properties, the thermal behavior of the above films was investigated by TGA and DSC, as shown in Figure 2 . In Figure 2 
22
TGA results agreed with those obtained in the DSC study of raw PVC powders and solvent casted PVC film (Figure 2(b) ), showing a clear decrease of T g . This observation was explained by the presence of residual THF between polymer chains, which weakened interchain interactions and hindered chain entanglement, i.e., facilitates their disentanglement. 23 Subsequently, these solvent residues decreased T g and became the major reason of deteriorated mechanical properties such as elongation at break and toughness.
23
This extremely low strain of THF-cast PVC films had to be enhanced for the practical applications, which was by adding TiO 2 nanoparticles to the PVC/THF solution. TiO 2 nanoparticles are commonly used for a wide range of applications related to color chemistry, cosmetics, and food industry owing to their non-toxicity. 24 At a low TiO 2 loading of 2 mg mL
, the PVC solution became slightly opaque (Figure 3(a) ), and the observed Tyndall effect indicated that TiO 2 nanoparticles were well dispersed without forming aggregates and phase-seperation. 25 As showed in Figure 3(b) , the introduction of TiO 2 nanoparticles reduced the transparency of PVC film in the visible region by ~10%.
To determine the efficacy of nanoparticles in enhancing the mechanical properties of PVC films, a systematic study was carried out for 5-, 25-, and 220-nm nanoparticles. Figure 3(c) clearly shows that neat PVC films were brittle, becoming ductile upon incorporation of TiO 2 nanoparticles with the content of 0.2 wt%. Introduction of 5-, 25-, and 220-nm nanoparticles increased the elongation at break to 39, 75, and 340%, respectively, with a value of 15% recorded for neat PVC films. Thus, the above value for 220-nm PVC/TiO 2 films exceeded that of neat PVC film 23-fold. Although the elongation at break values of PVC/TiO 2 composites were broadly variable, their tensile strength did not significantly depend on particle size, since inorganic nanoparticles like TiO 2 are known to toughen PVC composites without compromising their tensile strength (Table  1) . 10 These improvements in strain performance were closely related to the thermodynamic properties shown in Figure 3(d) . DSC analysis revealed that all PVC/TiO 2 films with the content of 0.2 wt% TiO 2 exhibited lower T g values than neat PVC films due to having higher thermal conductivity. 26 Even under identical heating conditions, the actual temperature of the films depends on their thermal conductivity. The T g of PVC/TiO 2 films increased from 51 to 55 o C with increasing TiO 2 nanoparticle size, indicating improved polymer chain rigidity. The elongations at break values of PVC/TiO 2 composites were broadly variable, depending on particle size. According to Zeng et al., the single-notched impact strength, elongation at break, and tensile properties of PVC/CaCO 3 nanocomposite were largely enhanced due to the well-dispersibility of nanoparticles in polymeric matrix. , corresponding to surface hydroxyl groups, bending vibration of coordinated H 2 O and Ti-OH, and Ti-O-Ti stretching vibrations, respectively. 27 The number of surface OH groups on TiO 2 was decreased by burying TiO 2 nanoparticles in the polymer matrix. Notably, the surface of these buried TiO 2 nanoparticles featured negatively charged oxygens that could be involved in hydrogen bonding with PVC chains. 28 Also, the positively charged TiO 2 has elec- 
29,30
To directly observe interactions between TiO 2 nanoparticles and the PVC matrix, we characterized the topologies of fractured film surfaces for different particle sizes (Figure 4) . Whereas the rigid PVC film exhibited a smooth fracture surface (Figure 4(a) ), PVC/TiO 2 nanocomposite films showed rough cross-sectional surfaces, except in the case of 5-nm TiO 2 nanoparticles (Figure 4(b) ). The relatively low elongation at break and the smooth perforated fracture surface observed in the latter case indicate weak interfacial adhesion between 5-nm TiO 2 nanoparticles and the PVC matrix.
14 On the other hand, the PVC/TiO 2 films containing 25-and 220-nm particles exhibited largely increased elongation at break and rough fracture surfaces, additionally featuring a number of voids around TiO 2 nanoparticles due to interfacial debonding (Figure 4 
폴리머, 제41권 제6호, 2017년
ticles showed a rougher fracture surface, larger elongation, and higher T g than those containing 25-nm nanoparticles.
The effect of nanoparticle content on mechanical properties was also examined (Figure 5(a) ), revealing that the tensile strength decreased with increasing the loading of 220-nm TiO 2 nanoparticles, implying the concomitant occurrence of moderate particle agglomeration. 33 However, upon increasing the loading of TiO 2 from 0.2 to 0.8 wt%, elongation at break and toughness significantly increased to above 340% and 45 J m -3 , respectively (Table 1) . However, at a higher TiO 2 content of 1.0 wt%, elongation at break, and toughness dramatically declined to 19% and 1.8 J m -3 , respectively. Tensile strength decreased from about 20 to 7 MPa at a 1.0 wt% TiO 2 content. This behavior indicated that a content of 0.8 wt% corresponds to be percolation threshold concentration, above which the tensile strength, elongation at break, and toughness start to be significantly deteriorated. These changes could also be explained by studying the DSC behavior ( Figure 5(b) ) of neat and composite films continuously decreased, which was closely related to the decreased tensile strength and mechanical properties deterioration at the percolation threshold concentration.
34,35

Conclusions
Soft and organic plasticizer-free PVC films were prepared by dissolving PVC in THF and adding TiO 2 nanoparticles of various sizes at low loading levels. In the case of 220-nm particles, the obtained PVC/TiO 2 films showed an elongation at break (340%) more than 20 times larger than that of neat PVC film due to the nanoparticle chain adsorption effect. The improved tensile elongation at break and toughness were attributed to hydrogen bonding interactions and the polymer chain adsorption effect of TiO 2 nanoparticles. Increased TiO 2 loadings led to a gradual reduction of T g , decreasing the tensile strength and deteriorating mechanical properties at the percolation threshold concentration. 
